Context. The inner regions of the envelopes surrounding young protostars are characterised by a complex chemistry, with prebiotic molecules present on the scales where protoplanetary disks eventually may form. The Atacama Large Millimeter/submillimeter Array (ALMA) provides an unprecedented view of these regions zooming in on Solar System scales of nearby protostars and mapping the emission from rare species. Aims. The goal is to introduce a systematic survey, "Protostellar Interferometric Line Survey (PILS)", of the chemical complexity of one of the nearby astrochemical templates, the Class 0 protostellar binary IRAS 16293−2422, using ALMA, to understand the origin of the complex molecules formed in its vicinity. In addition to presenting the overall survey, the analysis in this paper focuses on new results for the prebiotic molecule glycolaldehyde, its isomers and rarer isotopologues and other related molecules.
Introduction
Understanding how, when and where complex organic and potentially prebiotic molecules are formed is a fundamental goal of astrochemistry and an integral part of origins of life studies. The recent images from the Atacama Large Millimeter/submillimeter Array (ALMA) of a potentially planet-forming disk around a young star with an age of only 0.5-1 Myr, HL Tau, (ALMA Partnership et al. 2015) has highlighted the importance of the physics and chemistry of the early protostellar stages: how do stars evolve during their earliest evolutionary stages and in particular, to what degree does the chemistry reflect this early evolution relative to, e.g., the conditions in the environment from which the stars are forming? Already during its first years ALMA has demonstrated enormous potential for addressing these issues with its high angular resolution and sensitivity making it possible to zoom in on solar system scales of young stars and map the chemical complexity in their environments (e.g., Pineda et al. 2012; Jørgensen et al. 2012 Jørgensen et al. , 2013 Persson et al. 2013; Codella et al. 2014; Sakai et al. 2014; Friesen et al. 2014; Lindberg et al. 2014; Oya et al. 2014; Murillo et al. 2015; Podio et al. 2015; Belloche et al. 2016; Müller et al. 2016) .
A particular focus of ALMA observations is the search for complex molecules in regions of low-mass star formation. Over the last decade it has become clear that the chemical complexity toward the innermost envelopes of solar-type protostars can rival that of more massive hot cores (see, e.g., review by Herbst & van Dishoeck 2009) . The presence of complex molecules is not solely attributed to such regions, however, but also found toward cold prestellar cores (e.g., Öberg et al. 2010; Bacmann et al. 2012; Vastel et al. 2014 ) and toward outflow driven shocks (e.g., Arce et al. 2008; Sugimura et al. 2011; Mendoza et al. 2014) . The big questions that remain include (a) what degree of molecular complexity can arise during the protostellar stages, (b) how exactly do complex organics form, (c) what the roles are of grain-surface/ice-mantle vs. gas-phase reactions at low and high temperatures for specific molecules, and (d) what the importance is of external conditions (e.g., cosmic ray induced ionization, UV radiation) and the physical environment (e.g., temperature).
Many of these questions can potentially be adressed through systematic surveys with ALMA: with its high angular resolution we can zoom in on the smallest scales of young stars making it possible to unambiguously identify the emitting regions for different molecules. The advantage of studying the hot inner regions of the envelopes around protostars is that the ices there are fully sublimated and all the molecules are present in the gas-phase. ALMA's high sensitivity and spectral resolution allows for identification of faint lines of rare species and also observations of more quiescent sources (e.g., of lower masses) for which line confusion is reached at a much deeper level than for sources of higher masses. One particularly interesting source in this context is the well-studied protostellar binary, IRAS 16293−2422, the first low-mass protostar for which complex organic molecules (van Dishoeck et al. 1995; Cazaux et al. 2003) as well as prebiotic species (Jørgensen et al. 2012) , were identified -the latter already during ALMA science verification.
This paper presents an overview of an unbiased survey, Protostellar Interferometric Line Survey (PILS) 1 , of IRAS 16293−2422 with ALMA covering a wide frequency window from 329 to 363 GHz at 0.5 angular resolution (60 AU diameter) as well as selected other frequencies around 1.3 mm (230 GHz) and 3.0 mm (100 GHz). The paper provides a first Send offprint requests to: Jes K. Jørgensen, e-mail: jeskj@nbi.ku.dk 1 http://youngstars.nbi.dk/PILS overview of the observations and data and presents new results concerning the presence of glycolaldehyde and related species, as well as the first detections of its rarer 13 C and deuterated isotopologues. The paper is laid out as follows: Sect. 2 presents a detailed review of studies of the physics and chemistry of IRAS 16293−2422 as background for this and subsequent PILS papers and Sect. 3 presents an overview of the details of the observations and reduction. Sect. 4 presents the overall features of the datasets including the continuum emission at the three different wavelengths and information about the line emission, while Sect. 5 focuses on the analysis of the emission from glycolaldehyde and related molecules (Sect. 5.2) and its isotopologues (Sect. 5.3) with particular emphasis on the constraints on formation scenarios for these species. Section 6 summarises the main findings of the paper.
An overview of IRAS 16293−2422
IRAS 16293−2422 (hereafter IRAS16293) is a deeply embedded young stellar object located in the L1689 region in the eastern part of the ρ Ophiuchus cloud complex studied extensively through larger scale infrared and submillimeter continuum and line maps (e.g., Tachihara et al. 2000; Nutter et al. 2006; Young et al. 2006; Jørgensen et al. 2008; Padgett et al. 2008) . The traditionally quoted distance for ρ Oph was ≈160 pc (Whittet & van Breda 1975) . However, most recent distance estimates for the bulk of the ρ Oph cloud complex place it nearer at approximately 120 pc based on extinction measurements (Knude & Høg 1998; Lombardi et al. 2008) as well as VLBI parallax measurements (Loinard et al. 2008) . One dedicated measurement of the parallax of water masers toward IRAS 16293−2422 place it at a much larger distance than the rest of the cloud (≈178 pc), but Rivera et al. (2015) argue that this estimate may be hampered by the weak and highly variable nature of water masers and quote new measurements that place IRAS 16293−2422 at the nearer distance. We therefore adopt a distance of 120 pc throughout this paper. For this distance, the observed luminosity of the source is 21±5 L estimated by pure integration of its SED with data from the mid-infrared from Spitzer (Jørgensen et al. 2005b) , far-infrared from ISO-LWS (Correia et al. 2004) and Herschel/SPIRE (Makiwa 2014) , and submillimeter . To put the new ALMA PILS results in context, the following presents an overview of physical and chemical studies of this source to date.
Physics
Much of our current picture for star formation goes back to the 1980's: at the time infrared observations (in particular, the full survey of the infrared sky by the Infrared Astronomical Satellite) gave rise to identification and empirical classification of young stellar objects (Lada & Wilking 1984) and combined with theoretical work on the collapse of dense cores and the formation of disks (e.g., Terebey et al. 1984; Adams & Shu 1986) led to the generally accepted picture of the evolution of young stellar objects (Shu et al. 1987) . One of the particular goals of these studies was to identify the youngest protostars and IRAS 16293−2422 with its very red colors in that context became a particularly interesting target for immediate follow-up studies using ground-based millimeter wavelength single-dish telescopes and small interferometers. The focus of these early line studies was to address whether the circumstellar material was predominantly characterised by infall toward the protostar (Walker et al. 1986) or rather by rotation in a disk-like structure (Mundy et al. 1986; Menten et al. 1987) . André et al. (1993) introduced the term "Class 0" protostar for young stellar objects thought to have accreted less than half of their final mass and still deeply embedded in their protostellar envelopes. André et al. noted that IRAS 16293−2422 was a candidate of such a source. Its very strong submillimeter emission made it unlikely that it was simply an edge-on Class I object, but instead a very young, still deeply-embedded, protostar. The distribution of the dust around the source was recognized early on as being consistent with originating in a power-law density profile envelope (Walker et al. 1990 ) following ρ ∝ r −p with p ≈ 1.5 − 2.5 as theoretically predicted for a singular-isothermal sphere or free-falling envelope. Ceccarelli et al. (2000a) , Schöier et al. (2002) and others have modeled the lower resolution single-dish observations of IRAS 16293−2422 and found that such envelope profiles reproduce far-infrared/(sub)millimeter line and continuum observations, and that such models thereby could be taken as a useful reference for, e.g., description of the chemistry at larger scales ( 1000 AU). Mapping of the protostellar envelope with single-dish telescopes demonstrated that the material could be well-characterised by infall on a few thousand AU scales (Zhou 1995; Narayanan et al. 1998) , although more quantitative statements are complicated due to the underlying physical structure that appears at higher angular resolution as multiple separated velocity components (e.g., ).
On smaller scales IRAS 16293−2422 was the first protostar identified as a binary, being resolved into two separate components, IRAS16293A and IRAS16293B, at radio (Wootten 1989) and millimeter (Mundy et al. 1992 ) wavelengths with a separation of ≈5.1 or 620 AU (Looney et al. 2000; Chandler et al. 2005) . Each of the two components show compact millimeter continuum emission on 100 AU scales, signs of two protostars each surrounded by a compact disk-like structure embedded within a larger circumbinary envelope (Looney et al. 2000; . The early observations demonstrated that the continuum fluxes toward the two components have different dependencies with wavelength, with IRAS16293A showing a flattened continuum spectrum at wavelengths longer than 3 mm, while IRAS16293B has a continuum spectrum that is well described by a single power-law, F ν ∝ ν α , with α = 2.0-2.5 from cm through submm wavelengths (Mundy et al. 1992; Chandler et al. 2005) . A plausible explanation for this difference is that the emission from IRAS16293A is a combination of dust continuum radiation with shock-ionised emission at longer wavelengths (Chandler et al. 2005) , while IRAS16293B is dominated by optically thick dust continuum emission. IRAS16293A is in fact resolved into multiple components at longer wavelengths (Wootten 1989; Chandler et al. 2005; Loinard et al. 2007; Pech et al. 2010 ) and possibly itself a tight binary within a distance of about 1 (120 AU). The early claims of rotation in a "disk" encompassing IRAS16293A and IRAS16293B was likely a result of a difference in the LSR velocities of the two sources (3.1 vs. 2.7 km s −1 ; Jørgensen et al. 2011) for which the physical origin is still not fully understood. IRAS16293A does show a small velocity gradient in the NE-SW direction close to the location of the continuum peak that could be attributed to rotation in a disk located in this direction (Pineda et al. 2012; Girart et al. 2014) , although the velocity profile of this component is only consistent with Keplerian rotation if the dynamical mass of IRAS16293A is very small (∼0.1 M ; Favre et al. 2014b) . Also, the relative contributions to the overall luminosity of IRAS 16293−2422 from the different sources remain unclear.
The binarity is also reflected in the complex outflow morphologies observed toward the system. The outflow structure has been studied in different tracers and at very different angular resolutions from its first detections (Fukui et al. 1986; Wootten & Loren 1987) . It was recognised early on as being quadrupolar in nature (Walker et al. 1988; Mizuno et al. 1990 ) with one collimated pair of lobes in the NE-SW direction and one less collimated (and less well-aligned set of lobes) in the E-W direction. This complicated outflow morphology has led to some discussion concerning the nature of IRAS16293A and IRAS16293B: it has long been accepted that IRAS16293A is of protostellar nature and the NE-SW outflow driven by this source (e.g., Castets et al. 2001; Stark et al. 2004 ). However, the lack of clear outflow structures associated with IRAS16293B itself has made its nature more ambiguous: Stark et al. (2004) suggested that IRAS16293B was in fact a more evolved T Tauri star responsible for the "fossil" outflow in the E-W direction but higher resolution CO images from the SMA showed that a compact outflow in the E-W direction originates close to IRAS16293A, possibly the "current" manifestation of the larger scale, less collimated, E-W flow (Yeh et al. 2008) . Also, direct detections of infall toward the source (Chandler et al. 2005; Pineda et al. 2012; Jørgensen et al. 2012 ) suggest that it is in fact in an early evolutionary stage. Based on ALMA CO 6-5 images, Loinard et al. (2013) argued that blue-shifted emission seen to the southeast of IRAS16293B (see also Yeh et al. 2008 and Jørgensen et al. 2011) was the manifestation of a very young (mono-polar) outflow from IRAS16293B -but Kristensen et al. (2013) using the same data argued that it rather was a bow-shock associated with a (new) NW-SE outflow driven from IRAS16293A.
Finally, larger scale maps reveal a companion core to that associated with IRAS 16293−2422 itself, IRAS16293E, offset by about 1.5 . This core was first recognized as a prominent NH 3 core (Mizuno et al. 1990 ) and is almost as bright in submillimeter continuum as the core hosting IRAS 16293−2422 itself (e.g., Nutter et al. 2006) . Castets et al. (2001) mapped the region in H 2 CO, N 2 H + and other tracers using single-dish telescopes and suggested that the source was in fact also a Class 0 protostar driving a separate outflow in the northwest/southeast direction. However, Stark et al. (2004) instead argued that this was the reflection of the interaction between the outflow driven by IRAS 16293−2422 with the dense IRAS16293E core -itself therefore likely a dense prestellar core. In support of this interpretation, Jørgensen et al. (2008) did not find any signs of an embedded protostar toward IRAS16293E through Spitzer mid-infrared observations, but rather extended 4.5 µm emission (molecular hydrogen) originating toward IRAS 16293−2422 and extending to and around IRAS16293E.
Chemistry

Single-dish observations
IRAS16293 has a particularly rich molecular line spectrum for a low-mass protostar, as has been recognized since the late 1980s. Given the limited sensitivity of early interferometers, chemical studies were mainly performed with single dish telescopes, especially the then newly available Caltech Submillimeter Observatory (CSO) and James Clerk Maxwell Telescope (JCMT) equipped with sensitive submillimeter receivers and located on Mauna Kea, a high and dry site with easy access to this southern source (van Dishoeck et al. 1993) . Individual line settings in the different molecules (Blake et al. 1994; van Dishoeck et al. 1995) . Because of its rich spectrum, IRAS16293 was quickly dubbed the low-mass counterpart of Orion-KL. Through rotational diagrams, non-LTE excitation calculations and line profile analyses, at least three different physical and chemical components were identified: a compact, turbulent, warm (>80 K), and dense (∼ 10 7 cm −3 ) region rich in Si-and S-bearing molecules as well as complex organic molecules such as CH 3 OH and CH 3 CN; the quiescent circumbinary envelope best traced in common molecules like CS, HCO + and H 2 CO; and a colder outer envelope and surrounding cloud core seen in radicals such as CN, C 2 H and C 3 H 2 with very narrow lines.
These early data also revealed that IRAS16293 has very high abundances of deuterated molecules, with C 2 D/C 2 H and HDCO/H 2 CO values >0.1. This extreme fractionation is thought to be a result of gas-grain chemistry, benefitting from much longer timescales at very low temperatures and high densities compared with high mass sources (van Dishoeck et al. 1995) . Subsequent deeper observations revealed that doubly-and even triply-deuterated molecules are common toward IRAS16293 and the nearby cold clump IRAS16293E: D 2 CO (Ceccarelli et al. 1998a; Loinard et al. 2000) , ND 2 H Lis et al. 2006; Gerin et al. 2006) , ND 3 (Roueff et al. 2005) , D 2 O (Butner et al. 2007; Vastel et al. 2010) , CHD 2 OH (Parise et al. 2002) and CD 3 OH (Parise et al. 2004 ). The extreme deuteration of D 2 CO over scales of a few thousand AU was considered to be a smoking gun of active grain surface chemistry . Around the same time, the detection of H 2 D + in protostellar sources including IRAS16293 (Stark et al. 1999 (Stark et al. , 2004 ) and pre-stellar cores (Caselli et al. 2003) pointed toward enhanced abundances of gaseous H 2 D + , D 2 H + and even D + 3 in cold cores assisted by heavy freeze-out of CO, which in turn drive high deuteration fractions of other gas-phase species (Roberts & Millar 2000; Roberts et al. 2003) . D 2 H + was indeed first detected toward IRAS16293E by Vastel et al. (2004) .
Another astrochemical milestone came from highly sensitive IRAM 30m spectra revealing a much larger variety of complex organic molecules than found in early data, including HCOOCH 3 , CH 3 OCH 3 and C 2 H 5 CN (Cazaux et al. 2003) . Subsequent full spectral scans at 3, 2, 1 and 0.9 mm with the IRAM 30m and JCMT as part of the TIMASSS survey (Caux et al. 2011 ) detected thousands of lines belonging to simple and complex species (Jaber et al. 2014) , including the first detection of an amide, NH 2 CHO (formamide), in a low-mass protostar (Kahane et al. 2013 ). An early search for the simplest amino acid, glycine, was unsuccessful (Ceccarelli et al. 2000b ). IRAS16293 has also been surveyed with the HIFI instrument on the Herschel Space Observatory in various bands between 460 GHz and 2 THz Hily-Blant et al. 2010; Bacmann et al. 2010; Bottinelli et al. 2014) as well as the GREAT instrument on SOFIA (Parise et al. 2012) , revealing various (deuterated) hydrides, water lines (see below) and high-excitation lines of heavier molecules.
Water is clearly abundant near IRAS16293, revealed originally by maser emission at radio wavelengths (Wootten 1989; Furuya et al. 2001 ) and subsequently by thermal emission using the Infrared Space Observatory (ISO) (Ceccarelli et al. 1998b (Ceccarelli et al. , 1999 and most recently with the Herschel Space Observatory Coutens et al. 2012 (Coutens et al. 2012) and D 2 O (Vastel et al. 2010; Coutens et al. 2013) were detected as well.
Determination of abundances from this wealth of data has been hindered by the realization that there are gradients in temperature, density and chemistry throughout the source. Early analyses hinted at a jump in abundances of organic molecules in the inner envelope by up to two orders of magnitude taking into account the beam dilution of the inner warm region in the large observing beam (van Dishoeck et al. 1995) . Quantitative abundance determinations with varying temperature and density profiles using jump abundance models were subsequently introduced when non-LTE excitation and radiative transfer codes became available (van der Tak et al. 2000; Ceccarelli et al. 2000a; Schöier et al. 2002; Ceccarelli et al. 2003; Doty et al. 2004 ). The jump in abundance was typically put at dust temperatures around 100 K when water ice sublimates, together with any species embedded in the ice (Fraser et al. 2001) , although H 2 CO was recognized to return to the gas at lower temperatures around 50 K ) and CO at even lower temperatures around 25 K . This inner region with temperatures above 100 K is also called the hot core or hot corino. The realization of varying abundances also pointed to another conundrum, namely that optically thin C 18 O emission could not be used as a tracer of the H 2 column density since the emission arises from a much larger area than that of the organic molecules. This is one of the main reasons for the large discrepancies in derived abundances that are scattered throughout the literature (see Herbst & van Dishoeck 2009 , for further details). For molecules with a sufficient number of observed lines originating from a range of upper energy levels, inner and outer envelope abundances can be determined within the context of the adopted physical model (Ceccarelli et al. 2000c; Schöier et al. 2002; Maret et al. 2004 Maret et al. , 2005 Jørgensen et al. 2005c; Coutens et al. 2012 ). In the systematic search for complex organic molecules in the TIMASSS survey, it was found that a number of species, including ketene, acetaldehyde, formamide, dimethyl ether and methyl formate, show emission not just from the inner hot core but also from the cold extended envelope probed by the single-dish observations (Jaber et al. 2014) .
The early data also triggered the debate of the importance of thermal sublimation of ices in the inner hot core region versus shocks associated with the outflows. The broad line profiles of Si-and S-bearing molecules as well as some complex organic molecules like CH 3 OH and CH 3 CN hinted at the importance of sputtering along the outflow walls, much like seen for SiO and CH 3 OH at outflow spots away from the protostar in this and other sources (e.g., Bachiller & Pérez Gutiérrez 1997; Hirano et al. 2001; Garay et al. 2002; Jørgensen et al. 2004 ). These lines are clearly broader than can be explained by an infalling envelope. A particularly important molecule in the debate of the importance of shocks versus quiescent hot core emission is water itself, with both origins being argued in the literature (Ceccarelli et al. 2000a; Nisini et al. 2002) . New data on optically thin isotopologues as well as spatially resolved interferometry by Persson et al. (2013) and such as presented here provide evidence for both scenarios.
Interferometric observations
Early interferometer observations revealed elongated C 18 O and CS emission coincident with the dust distributions on ∼800 AU scales, with NH 3 arising from a larger (8000 AU diameter) region (Mundy et al. 1990; Walker et al. 1990 ). Also, very strong SO emission was found centered on IRAS16293A but not on IRAS16293B, providing early evidence for chemical differentiation between the two sources (Mundy et al. 1992) .
Once interferometers grew from 3 to 6 telescopes and the Submillimeter Array (SMA) was inaugurated, IRAS16293 became a prime target for spatially resolved astrochemical studies. The first arcsecond resolution images by Bottinelli et al. (2004b) and Kuan et al. (2004) demonstrated that the emission from complex organic molecules peak at the locations of the components of the protostellar binary on scales argued to be consistent with thermal evaporation. Both studies showed some evidence for differences between the intensities of lines of different species toward the two sources, but with the emission toward IRAS16293A generally being brighter. A systematic interferometric study (Bisschop et al. 2008; Jørgensen et al. 2011 ) demonstrated the association of some nitrogencontaining organic molecules (HNCO, CH 3 CN) primarily with IRAS16293A while a number of oxygen-containing species are present with comparable intensities toward both sources and one, acetaldehyde (CH 3 CHO), almost exclusively associated with IRAS16293B. When normalised to the column densities of methanol, these differences translate into relative abundance differences of up to an order of magnitude between different species toward the two sources (Bisschop et al. 2008) . Subarcsecond resolution observations by Chandler et al. (2005) indicated that the emission from molecules characterised by high rotation temperatures peak toward one of the shock positions in the vicinity of IRAS16293A rather than the protostar itself. The presence of shocks on small scales toward IRAS16293B is demonstrated by high angular resolution images of SiO (Jørgensen et al. 2011) , with some evidence for the importance of shocks on other species (including water on larger scales). Recently, Oya et al. (2016) analyzed the kinematics around source A and found evidence for chemical differentiation between OCS on the one hand and CH 3 OH and CH 3 OCHO on the other with the latter emission more compact, possibly associated with weak shocks at the centrifugal barrier of the disk forming around IRAS16293A.
Despite the natural focus of the interferometric studies on the warm, compact gas, the observations also demonstrated the importance of the colder parts of the protostellar environments. For example, observations of lower excited H 2 CO ) and HNCO (Bisschop et al. 2008) transitions show that significant abundance (and optical depth) variations are present in the colder gas in the circumbinary envelope. The images also demonstrated spatial differences between species such as C 18 O, DCO + and N 2 D + in the colder gas that can be explained through relatively simple gas-phase chemistry (Jørgensen et al. 2011) .
The chemical richness (and differentiations) of the gas toward IRAS16293, seen in the 6-8 element interferometric data, made it an obvious target for science verification observations with ALMA at 220 GHz or 1.4 mm (Pineda et al. 2012; Jør-gensen et al. 2012 ) and at 690 GHz or 0.43 mm (Baryshev et al. 2015) . These early observations were already more than an order of magnitude more sensitive than the previous interferometric data and, as mentioned above, showed the first discovery of a prebiotic molecule, glycolaldehyde, toward a solar-type protostar (Jørgensen et al. 2012) . Additional science verification observations at 690 GHz (0.4 mm) produced images of one line of the H 18 2 O water isotopologue. Together with observations of both H 18 2 O and HDO from the Submillimeter Array, these measurements constrained the HDO/H 2 O abundance ratio to 9×10 −4 (Persson et al. 2013) , much lower than the value in the colder parts of the envelope (e.g., Coutens et al. 2012 ) and more in line with the ratios for Earth's oceans and Solar System comets. Table 1 presents a full log of the Band 7 observations. The pointing center was in both cases set to be a location between the two components of the binary system at α J2000 =16 h 32 m 22 s .72; δ J2000 = −24
Observations
• 28 34 . 3. In total 18 spectral settings were observed: each setting covers a bandwidth of 1875 MHz (over four different spectral windows, 468.75 MHz wide). To limit the data rate the data were downsampled by a factor of two relative to the native spectral resolution of the array, resulting in a spectral resolution of 0.244 MHz (≈ 0.2 km s −1 ) over 1920 channels for each spectral window. Each setting was observed with approximately 13 minutes integration on source (execution blocks of approximately 40 minutes including calibrations) for the 12 m array and double that for the ACA.
The calibration and imaging proceeded according to the standard recipes in CASA. Titan, or in a few instances Ceres, were used as flux calibrators while the quasar J1517−2422 (≈1.2 Jy) was used as bandpass calibrator. Observations of the science target were interspersed with observations of the closeby quasar J1625-2527 (≈0.5 Jy; 1.8
• ) that was used as phase calibrator. During the reduction, data of bad quality were flagged, partly automatically by the CASA tasks and partly through manual inspection. A phase-only self-calibration was performed on the continuum datasets and applied to the full data cubes before combining the 12 m array and ACA datasets and performing the final imaging. The resulting spectral line data cubes have a noise RMS for the combined datasets of about 7-10 mJy beam −1 channel −1 , which translates into a uniform sensitivity of approximately 4-5 mJy beam −1 km s −1 with beam sizes ranging from ≈0.4-0.7 depending on the exact configuration at the date of observation (Table 1) . For ease of comparison accross the different spectral windows and extraction of spectra, a combined dataset with a circular restoring beam of 0.5 was produced as well.
Continuum subtraction
For analysis and, in particular, the imaging of individual lines it is desirable to have continuum subtracted products. The standard procedure is to define one or more spectral regions with "line-free" channels to be used for continuum estimates and sub-traction either in the (u, v)-or image-plane. In this case, however, because of the high sensitivity (and dynamic range) the resulting image cubes are strongly line confused in large parts of the spectral ranges even toward IRAS16293B with the narrowest lines. Also, some velocity gradients are seen, which makes a general definition of "line-free" regions impossible. Finally, fitting each spatial pixel by hand is not practical because of the large number of individual spectra (each datacube representing more than 10,000 spectra and spectral coverage of more than 140,000 independent channels).
To circumvent these issues and treat the data homogeneously, the continuum subtraction is done in a statistical/iterative manner: for each pixel in a datacube the density distribution of fluxvalues is created (Fig. 1) . For a pixel with only a contribution from continuum emission (or noise) but no line emission, this distribution will represent a symmetric Gaussian centered at the continuum level with a width corresponding to the channel-bychannel RMS noise, σ. For pixels with both continuum and line emission this Gaussian will be modified by an exponential tail toward higher values, with a number of datapoints at lower flux values in case of absorption (in particular, toward IRAS16293B). In either of these cases, however, the continuum level can still be recognised as the leading edge in the flux distribution ( Fig. 1) with the overall distribution appearing as a log-normal or skewed Gaussian distribution.
The continuum is then determined in two automated steps: first, the peak of the distribution is determined over the entire range of the flux values with a simple symmetric Gaussian fit resulting in an estimate of the centroid F and its width ∆F. In case of pixels with no or little line emission the width is small, but for line contaminated regions the distribution becomes broader and the exact location of the peak more uncertain. Subsequently, a skewed Gaussian is fitted to the part of the distribution within F±3∆F and the new centroid (now not necessarily symmetric) is recorded as the continuum level that can then be used for continuum subtraction for that particular pixel. This method does not fit the low flux tail corresponding to absorption lines, but generally these channels do not contribute significantly to the overall distribution. Experiments with the observed cubes and synthetic models suggest that the continuum level can be estimated in this manner to be accurate to within 2σ. Figure 2 compares the continuum peak flux toward IRAS16293B for each of the 18 spectral setups as a function of frequency. As expected a slight slope is seen with flux increasing as function of frequency consistent with a power-law F ν ∝ ν α with α ≈ 2 as expected for optically thick dust continuum emission. This plot also provides a direct estimate of the calibration accuracy: the dark and light shaded areas correspond to respectively ±5% and ±10% around the continuum power-law. Thirteen out of the eighteen measurements (or 72%) are within ±5% while all of the measurements lie within the ±10% ranges. Assuming that the scatter is entirely due to errors in the calibration, this suggests that the (flux) calibration accuracy is better than 5% for the ALMA observations. 3.2. Band 3 and Band 6 data: observations of specific spectral windows at 100 and 230 GHz
In addition to the unbiased survey in Band 7, three spectral setups were observed in Band 6 and Band 3 between May and July 2014 targeting the same position. Those setups were optimised to (i) observe the emission from a range of glycolaldehyde lines previously measured in the laboratory as an extension of the detection of that molecule (Jørgensen et al. 2012 ) and (ii) A slight increase in flux as function of frequency is seen that can be approximated by a power-law F ν ∝ ν 2 . The shaded areas correspond to this dependency ±5% (darker color) and ±10% (lighter color). About 70% of the measurements are within the ±5% region with all of the measurements within the ±10% area. Table 2 lists windows targeted in these setups as well as the logs of observations. For these settings only the 12-m array was utilised, and any more extended emission will thus be resolved-out. The calibration otherwise proceeded in the same manner as for the Band 7 data.
Results
Continuum emission
Much can be learned about the structure of the IRAS 16293−2422 system by straightforward inspection of the dust continuum maps. Figure 3 shows a three-color composite of the continuum towards the system in the 3.0 mm, 1.3 mm and 0.87 mm bands, while Fig. 4 shows the continuum at the three different wavelengths separately at the angular resolution of each individual dataset. The extended emission connecting the two sources, also noted in the science verification data (Pineda et al. 2012) , is clearly seen. It shows a characteristic bend toward the north of IRAS16293A/east of IRAS16293B. East of IRAS16293B two separate stream-lines pointing away from the source are seen. Toward IRAS16293A additional extended continuum emission is observed toward the southwest. This extension coincides with the N 2 D + emission picked-up in SMA observations (Jørgensen et al. 2011 ) and likely reflects cold material with a high column density.
Another very striking feature of the maps is the clear differences in the morphologies and colors of the emission toward the two protostars. IRAS16293A appears clearly elongated in the northeast/southwest direction (with an aspect ratio of 1.9). Chandler et al. (2005) used continuum maps at 305 GHz from the SMA to study the system: in "super-resolution" images (images for which higher weight was given to the longer baselines and subsequently restored with a beam slightly smaller than the usual "synthesized beams"), they noted a similar extension, but also found that the source broke up into two separate components named "Aa" and "Ab". These separate components are not seen in our images even though the beam in the ALMA observations (with regular weighting) is comparable to those "superresolution" images. Our images are therefore more in support of the interpretation that the submillimeter continuum emission toward IRAS16293A represents a more edge-on disk system, also supported by the velocity gradient seen in this direction (Pineda et al. 2012; Girart et al. 2014) .
In stark contrast, the emission toward IRAS16293B is very circular with an elliptical aspect ratio < 1.1. Its colors are also Article number, page 7 of 41 A&A proofs: manuscript no. ms logarithmically divided levels between the 0.5% and 100% fof the peak flux at the given wavelength. The RA and DEC offsets are relative to the phase center for the observations. much redder than both the extended emission and that toward IRAS16293A. This is consistent with the suggestion that the emission toward IRAS16293B is optically thick at the 50 AU scales imaged here as well as at higher frequencies (e.g., Zapata et al. 2013) . The fact that it appears so optically thick at even longer wavelengths tightens the constraints on the minimum amount of dust toward IRAS16293B: assuming typical dust opacities from Ossenkopf & Henning (1994) with κ ν = 0.0182 cm 2 g −1 at 850 µm an optical depth τ ν > 1 implies that the column density toward the continuum peak is
and consequently for a distribution over a 50 AU (diameter) projected circular region that the mass is 0.01 M . While this may not appear like a significant amount, it is in fact 1-2 orders of magnitude above the mass on similar scales from larger scale envelope models (e.g., Schöier et al. 2002) for IRAS 16293−2422 extrapolated to these scales. Likewise, if one assumes that the distribution of the material along the line of sight is comparable to the projected extent on the sky the lower limit to the column density translates into to a density 3 × 10 10 cm −3 : if this dust indeed is located in a face-on disk-like structure such as implied by the circular distribution and narrow line-widths toward the source (e.g., Jørgensen et al. 2011) , the density should be expected to be even higher than this lower limit.
Line emission
The incredible line-richness of IRAS 16293−2422 makes it a natural template source for astrochemical studies. Figure 5 shows the full spectrum from the Band 7 data toward a position offset by 0.25 (a half beam) from IRAS16293B that is used for the analysis in this paper, while the figures in Appendix B show the spectra from the Band 3 and 6 data. Figure 6 compares the observed spectra in the 338-339 GHz spectral range (including the main CH 3 OH 7 k − 6 k branch) from JCMT observations taken as part of the larger single-dish TIMASSS survey (Caux et al. 2011) to spectra towards the two continuum peaks in the ACAonly and full ALMA datasets. Also shown are spectra toward positions a half and a full beam separated from IRAS16293B, respectively.
The difference in line widths between IRAS16293A and IRAS16293B noted previously (e.g., Bottinelli et al. 2004b; Jør-gensen et al. 2011 ) is clearly seen in Fig. 6 with the lines toward IRAS16293A about a factor of 5 broader than the narrow ≈ 1 km s −1 (FWHM) lines toward IRAS16293B. This difference is consistent with the interpretation above that IRAS16293A is an edge-on system and IRAS16293B face-on. The very narrow line widths for IRAS16293B make it such an ideal source for line identifications compared to, e.g., the Galactic Center and typical high-mass star formation regions with widths of 5-10 km s −1 . Furthermore, the strong variations in the peak strengths of the different lines between all seven panels is a clear indication that the excitation conditions and/or chemistry change significantly over the studied scales.
The single-dish spectrum with its beam of approximately 14 naturally encompasses both IRAS16293A and IRAS16293B: the line widths in this particular spectrum are generally closer to IRAS16293A suggesting that the data are more strongly weighted toward this source. Again, this is consistent with the emission being more extended, and thus dominating in the single-dish beam, even though the peak strengths are not significantly different. Some of the brighter lines in the single-dish spectrum are in fact stronger than in the ACA data as one should expect but there are also counter-examples. This likely indicates that the single-dish observations were not targeted exactly between the two sources, and thus that for slightly extended transitions some of the flux is not picked-up in full by the singledish spectra. The point source RMS noise level in the singledish data is 0.15-0.3 Jy beam −1 km s −1 , whereas the ACA-only data already is about a factor of 5 more sensitive. The combined dataset is an additional order of magnitude more sensitive with a RMS level of 5 mJy beam −1 km s −1 . Furthermore the ALMA observation produced fully sampled maps with a higher angular resolution.
While comparing the ACA-only and combined ALMA data, a very striking feature is the emergence of a number of absorption lines. This is one of the key arguments for not considering the continuum peak position of IRAS16293B for line identification and modeling. Instead we extract the spectra at positions half a beam and one beam southeast of the continuum peak (see Fig. 7 as well as higher angular resolution Band 9 data of Baryshev et al. 2015; their Fig. 13 ). As seen in Fig. 6 this shift means that most lines become pure emission lines: the peak of line emission is located at a position half a beam offset from the continuum peak, but some of the brighter lines still show selfabsorption there. At the position separated one beam from the continuum peak, very few absorption features remain, but the fluxes of lines that are not strongly optically thick is also weakened by a factor ≈1.8, likely reflecting the drop in (column) density moving away from the center: in the band 6 data, the continuum flux drops by factors ≈2.2 and 4.7 by going from the peak position to the positions a half and full beam offset, respectively, reflecting the drop in column density and, to a smaller degree, temperature. Which of the positions are preferable for the analysis depends on the species considered. It should be emphasised that for species with similar distributions, one can either compare column densities derived at the same positions, or apply the correction factor above, for statements about relative abundances.
Over the full 33.7 GHz spectral range approximately 10,000 lines are seen toward the position half a beam away from the continuum peak, i.e., on average 1 line per 3.4 MHz. Toward this position the average line flux per channel is 60 mJy beam −1 whereas the continuum flux is 1.1 Jy beam −1 , i.e., approximately a 5% contamination of the continuum by line emission. The line density is about a factor 10 higher than what was found by Caux et al. (2011) in the part of the TIMASSS single-dish survey covering the same frequencies. This improvement is in part due to the higher sensitivity of the ALMA, but also reflects the narrower lines toward IRAS16293B in the spatially resolved ALMA data making it easier to separate individual features. Compared to single-dish studies of IRAS16293 (e.g., Blake et al. 1994; van Dishoeck et al. 1995; Caux et al. 2011) it is noteworthy that the lines from the most common species do not stand out prominently close to the continuum peaks, partly because of the high optical depth for the transtions of the most common isotopologues causing those to be in absorption against the continuum. This is, for example, seen for species such as CO, HCO + , CS and HCN. For some of their rarer isotopologues the emission lines are seen, but their line brightness at the scales of the interferometric data are not particularly high compared to the lines from the complex organics. This is in contrast to single-dish observations that also pick up the more extended emission of the more common species and lower excited transitions.
While assigning all of the lines seen in Fig. 5 is beyond the scope of this initial paper, a statistical argument can be made for the nature of these 10,000 lines. Based on previous estimates of the column densities of complex organic molecules toward IRAS16293B we calculate synthetic spectra for the most commonly organics seen toward hot cores and hot corinos: formaldehyde, methanol, methyl cyanide, isocyanic acid, ethanol, acetaldehyde, methyl formate, dimethyl ether and ketene. The model predicts that approximately 25% of the transitions in Fig. 5 are from the main isotopologues of these species. In addition, some regular non-organic species have lines in the frequency range but the bulk of the remaining species can likely be attributed to isotopologues of the complex organics ( 13 C, 18 O, 17 O, 15 N, D and all possible combinations) appearing at the sensitivity of the ALMA observations , and Sect. 5 of this paper) as well as the "next level" of complex organics, i.e., species with three carbon atoms (e.g., Lykke et al. 2016) .
Analysis
In this section we present an analysis of the ALMA data focusing, in particular, on the simple sugar-like molecule, glycolaldehyde, previously detected in the Science Verification data (Jørgensen et al. 2012 ) and related species. Section 5.1 analyses the assumption of LTE at the densities representative for the scales traced by the ALMA data and presents an estimate of the column density for methanol useful as a future reference for abundance measurements. Section 5.2 analyses the emission from glycolaldehyde as well as related species, ethylene glycol (the reduced alcohol of glycolaldehyde) and acetic acid (the third isomer in the glycolaldehyde/methyl formate group), while Sect. 5.3 presents detections of the 13 C and deuterated isotopologues of glycolaldehyde.
Excitation analysis at observed scales
The dust continuum emission from the material on the scales probed by ALMA provides important constraints on the physical structure -and thus the molecular excitation. Ideally the full non-LTE radiative transfer problem needs to be solved to use the line observations for, e.g., constraints on column densities or abundances. However, for most of the complex organic molecules dominating the spectra, no collisional rate coefficients are available and such calculations are therefore not possible. However, the high densities implied from the optical thickness of the dust continuum emission (Sect. 4.1) means the calculations under the assumption of LTE are likely to be sufficient.
Article number, page 9 of 41 A&A proofs: manuscript no. ms Article number, page 10 of 41 Fig. 6 . Comparison between the spectra in the 338 GHz window around the prominent CH 3 OH branch from the single-dish observations from the TIMASSS survey (Caux et al. 2011 ) (top row), the ACA-only data toward IRAS16293A and IRAS16293B (second row; left and right, respectively), the full data toward IRAS16293A and IRAS16293B (third row; left and right, respectively) and positions offset by a half and full beam southwest of the IRAS16293B continuum position (bottom row). Note that the scale on the Y-axis in the bottom two rows differ from the top rows.
Article number, page 11 of 41 A&A proofs: manuscript no. ms To test the validity of the LTE assumption, we use the escape probability code Radex (van der Tak et al. 2007 ) to solve the radiative transfer problem for the largest complex molecule methanol (CH 3 OH), for which collision rates are available from the Leiden Atomic and Molecular Database (LAMDA Schöier et al. 2005 ) based on calculations by Rabli & Flower (2010) . For a range of densities, n(H 2 ), and kinetic temperatures, T kin , we calculate the excitation temperatures, T ex,i , for each of the CH 3 OH transitions (both A-and E-type) in the 329 to 363 GHz range of the survey. We then estimate the root mean square deviation between each of these excitation temperatures and the kinetic temperature:
where N is the total number of transitions in the band: N = 82 in the frequency range from 329 to 363 GHz. T rms thereby provides a measure of whether LTE is a good approximation in general for the specific value of n(H 2 ) and T kin : if LTE is a good approximation for a given transition, then T ex,i ≈ T kin . A low T rms would therefore signify that most transitions are well reproduced in LTE. Figure 8 shows the result of these excitation calculations for CH 3 OH for models with T kin of 50, 100 and 300 K, respectively, with densities varying from 10 6 −10 12 cm −3 . At low densities significant fluctuations are seen due to transitions masing at specific densities. Still, at those densities even the brighter transitions are subthermally excited, leading to the very large rms deviation between the individual excitation temperatures and the adopted value for T kin . However, for each set of models T rms /T kin clearly decreases at densities higher than 10 9 − 10 10 cm −3 . For densities higher than 3 × 10 10 cm −3 , the lower limit according to the continuum calculations (Sect. 4.1), the deviations are less than 15% for these three kinetic temperatures -a confirmation that the excitation is close to being in LTE. In conclusion, with the lower limit to the density at the scales of the ALMA observations implied by the continuum optical depth, LTE is a good approximation for CH 3 OH and presumably for most other molecules.
Although it is often assumed that the dust continuum emission is optically thin at submillimeter wavelengths and thus a tracer of column density, this is not the case for IRAS16293B and the column density quoted in Sect. 4.1 is at best a lower limit to the actual column density of material at these scales. Abundance estimates are therefore much better expressed relative to a chemically related molecule. To supply such a reference we fitted the observed lines from CH 3 18 OH in the Band 7 data with synthetic spectra (Fig. C.1 ). As indicated in Fig. 5 and the figures in Appendix B, the Band 7 and 6 data are approaching the line confusion level at specific frequencies. For this reason it is not practical to identify individual lines and create rotation diagrams based on those. Instead, the approach taken for this analysis, as well as for other species in Bands 6 and 7, is to calculate synthetic spectra of the targeted molecules and directly compare those to the extracted spectra. This model also contains a reference model for other identified species and thereby makes it possible to address whether a given line is a genuine identification. Following the arguments above, the synthetic spectra are computed under the assumption that the excitation obeys LTE. The parameters needed to produce a synthetic spectrum are then the column densities and excitation temperature of the particu- lar molecule, the extent of the emission as well as the line width and LSR velocity. We adopt a source size of 0.5 , justified, e.g., by the maps shown in Fig. 7 : the maps of the emission from the complex organics in general show a centrally condensed component toward IRAS16293B, which is marginally resolved with an extent of 0.6-0.9 consistent with a deconvolved extent of approximately 0.5 (see also Coutens et al. 2016 and Lykke et al. 2016) . It should be noted that since the main purpose is to establish a reference scale for comparison between relative abundances of different complex organics present in the same gas based on optically thin transitions, the exact value of the intrinsic source size is less critical. In this analysis we keep the line width and LSR velocity fixed, which appears to reproduce all lines well at the position half a beam from the continuum peak. Since we aim to use CH 3 18 OH lines to provide a reference column density for comparison to other species we adopt here an excitation temperature of 300 K, which appears to be required from modeling of isotopologues of formamide (NH 2 CHO) isocyanic acid (HNCO) as well as glycolaldehyde and ethylene glycol (Jørgensen et al. 2012 , and the following section). As seen in Fig. C.1 most of the transitions are in fact well-modeled with this excitation temperature. Two counter-examples are the lowest excitation transitions (E up of 16 and 35 K, respectively) for which colder material may contribute to the observed line intensities. Also, a few other examples of "worse" fits are seen where the CH 18 3 OH is blended with other species, e.g., the transition at 343.135 GHz (E up = 204 K) that is located between two bright methyl formate transitions (at 343.134 and 343.136 GHz) or the 345.858 GHz and 361.052 GHz transitions (E up = 326 and 338 K) that are overlapping with lines of ethylene glycol and formamide, respectively (the latter in fact strongly self-absorbed; see also Coutens et al. 2016) . Still, besides these cases, it appears that there is no systematic over-or underestimate of either the lowest or highest excitation transitions, an indication that the adopted excitation temperature is representative for the bulk of the gas at this position. The fact that all of the lines are well-fit with one LSR velocity and width indicates that this single warm component dominates the emission at the scales of the ALMA beam and is relatively homogeneous in terms of its physical conditions.
With the excitation temperature of 300 K, the derived column density for CH 3 18 OH is 4 × 10 16 cm −2 within a 0.5 beam toward the position offset by half a beam from the continuum peak, corresponding to a column density of the main CH 3 OH isotopologue of 2 × 10 19 cm −2 with a standard ISM 16 O/ 18 O ratio of 560 (Wilson & Rood 1994) or an upper limit to its abundance of 3 × 10 −6 with respect to H 2 using the lower limit to the total column density from the continuum emission. Again, we emphasize that even as a limit the abundance with respect to H 2 is highly uncertain and dependent on the exact relation between the physical components traced by the line and continuum emission. However, for molecules distributed similarly to CH 3 OH and thought to be chemically related, the abundance reference relative to CH 3 OH is useful.
Glycolaldehyde, ethylene glycol and acetic acid
Glycolaldehyde (CH 2 OHCHO) is interesting from an astrobiological point of view as it is a simple sugar-like molecule and under Earth-like conditions is related to the formation of ribose. Since its first detection toward the Galactic Center (Hollis et al. 2000 ; see also Hollis et al. 2001; Hollis et al. 2004; Halfen et al. 2006; Requena-Torres et al. 2008 ) it has been detected in a number of other places in the ISM, both associated with formation of stars of high (Beltrán et al. 2009; Calcutt et al. 2014) , intermediate (Fuente et al. 2014 ) and low mass (Jørgensen et al. 2012; Coutens et al. 2015; Taquet et al. 2015) . Recently, glycolaldehyde has also been detected in comet C/2014 Q2 (Lovejoy) (Biver et al. 2015) . Ethylene glycol is closely related to glycolaldehyde being its reduced alcohol version. It has been seen toward most of the regions where glycolaldehyde is detected -as well as a few more high-mass star forming regions , the Orion-KL nebula (Brouillet et al. 2015) and toward a few comets where it appears to be more abundant than glycolaldehyde (e.g., Crovisier et al. 2004; Biver et al. 2014) . Two other species worth mentioning are the two isomers of glycolaldehyde, methyl formate (CH 3 OCHO) and acetic acid (CH 3 COOH). The former is relatively common in high-mass star forming regions (e.g., Brown et al. 1975; Ellder et al. 1980; Blake et al. 1987; MacDonald et al. 1996; Gibb et al. 2000; Bisschop et al. 2007 ) and has also been detected toward low-mass protostars (e.g., Cazaux et al. 2003; Bottinelli et al. 2004a; Jør-gensen et al. 2005a; Sakai et al. 2006 ) and even prestellar cores (e.g. Öberg et al. 2010; Bacmann et al. 2012) , while acetic acid is less abundant (Mehringer et al. 1997; Remijan et al. 2002) and tentatively detected toward low-mass protostars (Cazaux et al. 2003; Shiao et al. 2010) . Studies of the relative abundances of these species may provide interesting insights into their formation and possibly also provide the link between the physical conditions in star forming regions and the solar system. For example, significant differences are seen between the relative abundances of ethylene glycol and glycolaldehyde between different regions of high-and low-mass star forming regions and comets (e.g., Lykke et al. 2015) with low glycolaldehyde abundances relative to ethylene glycol seen in some star forming regions and comets but the Galactic Center shows comparable abundances of the two species (Hollis et al. 2002; Belloche et al. 2013) .
Spectroscopic data and vibrational corrections
The spectroscopic data used in the analysis here have different origins: the data for glycolaldehyde are based on laboratory measurements by Butler et al. (2001) , Widicus Weaver et al. (2005) and Carroll et al. (2010) including the = 0 − 3 forms and are provided by the JPL catalog (Pickett et al. 1998 ). The JPL catalog also supplies data for methyl formate based on measurements by Ilyushin et al. (2009) . The data for acetic acid were taken from the Spectral Line Atlas of Interstellar Molecules (SLAIM) that is available through the Splatalogue 3 interface (F. J. Lovas, private communication, Remijan et al. 2007 ) with the partition function given by Mehringer et al. (1997) . Ethylene glycol has a more complex structure than the other species: it is a triple rotator with coupled rotation possible around the C-C and two C-O bonds. This means that ethylene glycol can be characterised by a total of ten different conformers distributed over the two main groups (gauche and anti), characterised by the arrangements of the two OH groups (the gauche forms more energetically favorable). Of these, the lowest state aGg conformer is the one that has been detected in star forming regions. The next lowest gGg conformer lies about 290 K higher than the aGg conformer (Müller & Christen 2004) : it has been searched for in the Orion hot core but not detected with an upper limit of 0.2 times the column density of the aGg conformer (Brouillet et al. 2015) . In the ALMA Science Verification data, a single line of this conformer was tentatively detected (Jørgensen et al. 2012 ), but no lines of the main conformer were covered in the observed spectral range. The spectroscopy of the two conformers is provided by the Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. 2001 Müller et al. , 2005 based on measurements by Christen & Müller (2003) and Müller & Christen (2004) for the aGg and gGg conformers, respectively.
The high temperatures on the scales of the ALMA observations (∼300 K Jørgensen et al. 2012 , and below) adds complications to the direct use of the tabulated spectroscopic data and partition functions. In the case of an organic molecule with several low-lying vibrational modes, such as glycolaldehyde, the high temperatures mean that several vibrational states will be populated besides the vibrational ground state. The infrared spectrum of gas-phase glycolaldehyde was measured quite recently (Johnson et al. 2013 ). There are three fundamental modes below 520 K vibrational energy. These fundamentals have been considered in the calculation of the partition function for the JPL catalogue entry. They increase the partition function by a factor of ∼1.9 at 300 K. Partition function values in the CDMS entries refer to the ground state only. Accounting for associated overtone and combination states in the harmonic oscillator approximation and lowering the ν 17 mode because of its pronounced anharmonicity yields a vibrational factor of 2.59, which increases to 2.80 upon consideration of the next three modes below 1250 K. All other modes are above 1550 K and contribute combined less than 2% to the vibrational factor at 300 K, which is less than the uncertainty of the procedure. Thus, for correct estimates of the column densities of the main isotopologue of glycolaldehyde the main species needs to be increased by a factor 1.47 compared to estimates derived using the partition function given in the JPL catalog.
The gas-phase infrared spectrum of ethylene glycol was published several years ago (Buckley & Giguère 1967) . Comparison with quantum-chemical calculations (Howard et al. 2005) suggests that all seven features measured below 1500 K are all fundamentals and that they may constitute all fundamentals below 1500 K. These modes together yield a vibrational factor of 4.02. The contribution by the higher lying gGg' conformer should increase the total column density additionally by a factor of ∼1.38 at 300 K (Müller & Christen 2004 ).
Line identification, temperatures and column densities
To identify the emission from each of the species the lines of glycolaldehyde and ethylene glycol are first identified in Band 3: the spectral windows in the 3 mm observations were selected to cover a number of the low excitation = 0 transitions of glycolaldehyde for which the frequencies had previously been measured in the laboratory. As those spectra are much less line confused than those at higher frequencies, it is meaningful to fit the individual lines. Table A .1 lists the parameters from Gaussian fits to the lines of glycolaldehyde as well as the two conformers of ethylene glycol in the central beam toward IRAS16293B and Fig. 9 shows rotation diagrams for these three species: if the emission of a set of lines is in local thermodynamic equilibrium and optically thin, the column density per statistical weight N u /g u (directly derived from their measured line strengths) for the lines as function of their energies above the ground-state E up will follow the Boltzmann distribution. The total column density of the molecule and its kinetic temperature can thus be derived from linear fits to plots of ln (N u /g u ) as function of E up where the column density can be derived as the intersect of the fit with the Y-axis and the temperature from the slope of the fit (e.g., Blake et al. 1987; Goldsmith et al. 1999) . We used the parameters from these rotation diagram fits (Fig. 9) to create synthetic spectra for each of the observed spectral windows to strengthen the discoveries . Figs. B.1-B .12 compare the model predictions to the full spectral ranges covered in the Band 3 and Band 6 parts of the survey while Figs. C.2, C.3 and C.4 show the observed and synthetic spectra for the 24 lines each of glycolaldehyde, aGg and gGg ethylene glycol, respectively, that are predicted to be the brightest in the Band 7 data while still having optical depths less than 0.2. A strong test of the assignments is that no lines are predicted to show emission at frequencies where none is seen in the spectra.
As can be observed from these fits, clear detections are seen of glycolaldehyde and the two conformers of ethylene glycol. The detection of ethylene glycol marks the first detection toward IRAS 16293−2422 and specifically the detection of the gGg conformer (tentatively seen in the science verification data; Jør-gensen et al. 2012 ) is the first solid detection of this conformer in the ISM at all. For glycolaldehyde and the lower state conformer of ethylene glycol, the aGg conformer, good fits are obtained with rotation temperatures of approximately 300 K, as was also found in the analysis of glycolaldehyde and methyl formate in the science verification data (Jørgensen et al. 2012) . The fits for the higher state conformer of ethylene glycol, the gGg conformer, has a lower rotation temperature, but the few lines for this species cover a rather limited range in E u up to about 140 K and a rotation temperature of 300 K, similar to that of the other conformer and glycolaldehyde, is consistent with the data as well. Furthermore, when comparing to the Band 6 and 7 data, it also appears that all lines are well-reproduced with an excitation temperature of 300 K. In particular, there are no systematics with either low-or high-excitation transitions being generally over-or under-produced, a clear indication that the excitation temperature of 300 K is a good approximation.
In terms of column densities, several complications arise when comparisons are done across the different wavelengths. Whereas the 3 mm transitions are all expected to be optically thin, both glycolaldehyde and ethylene glycol have lines at the higher frequencies becoming optically thick. This is partly an excitation effect and partly a result of the smaller beam and makes the column density estimates slightly more uncertain. Because of the differences in beam sizes between the Band 3 and Band 6/7 data one should also be cautious about what beam filling factor to adopt for the analysis. Also, the optically thick continuum affects the observed line emission. Still, if only transitions predicted to have optical depths lower than 0.1 are considered, it seems that the best fit column densities are slightly lower for the two ethylene glycol conformers relative to glycolaldehyde at the higher frequencies in contrast to the case for the pure rotation diagram fits to the Band 3 data where the three species have similar column densities within the uncertainties. A possible explanation for this may be that ethylene glycol is slightly more extended around the protostar itself than glycolaldehyde -and thus contributing more in the larger beam at 3 mm while also being more obscured by the optically thick continuum in the Band 7 data. Hints of this are seen in the maps of the representative transitions in Fig. 7 , but higher resolution imaging at lower frequencies as well as observations of isotopologues of ethylene glycol would be important to test whether line optical thickness or the distribution is more important. No strong lines of acetic acid are covered in the Band 3 data, but it is clearly seen in the Band 6 and 7 datasets (see Figs B.1-B.12 as well as Fig. C.5) . To model the emission, the same excitation temperature as derived for the glycolaldehyde and ethylene glycol lines is adopted for the derivation of its column density using similar comparisons between observed and synthetic spectra as for CH 18 3 OH. Figure 10 compares the derived column densities for methyl formate, glycolaldehyde, ethylene glycol, acetaldehyde and acetic acid relative to methanol for IRAS16293B, SgrB2(N) (Belloche et al. 2013 ) and three versions of the three-phase chemical models of hot cores by Garrod (2013) . The models of Garrod simulate gas-phase, grain surface and mantle chemistry during the formation of high-mass hot cores. The physical models represent the initial collapse followed by gradual warm-up of the gas and grains, the latter with three different rates, "slow" with warmup to 200 K in 1 × 10 6 years, "medium" reaching 200 K in 2 × 10 5 years and "fast" in 5 × 10 4 years. The model values in Figure 10 represent the peak fractional abundances for the individual species in these three model instances. The most notable aspect is the good agreement between the abundances relative to methanol for methyl formate, acetaldehyde and acetic acid with those in SgrB2(N), but somewhat low abundances of glycolaldehyde and ethylene glycol. The ethylene glycol abundance taking into account both the aGg and gGg conformers is higher by about a factor 3 than that of glycolaldehyde, in line with measurements for comets and the other solar-type protostar, NGC 1333-IRAS2A, where glycolaldehyde and the aGg conformers have been detected (Coutens et al. 2015) . This is in contrast to what was inferred based on the tentative detection of the gGg conformer based on the SV data (Jørgensen et al. 2012) . The reason for this discrepancy is that the analysis of the SV data did not take into account the vibrational correction factors for ethylene glycol and only considered one of the conformers. As noted above these corrections are non-negligible at the temperature of 300 K.
Comparison with models
Generally both observations and models find abundances for the five species relative to methanol in the few 0.01%-1% ranges, however, some significant differences are seen within this range. For example, the models strongly overproduce the glycolaldehyde abundances relative to methyl formate when comparing to the observations toward both IRAS16293B and SgrB2(N) . This was also noted by Garrod (2013) who speculated that it was caused by differences in the formation efficiencies of methyl formate and glycolaldehyde through their primary grain-surface/ice formation routes involving HCO and respectively CH 3 O and CH 2 OH for methyl formate and glycolaldehyde. The models of Garrod (2013) require photodissociation in the ices to lead to those radicals, but recent experiments (Fedoseev et al. 2015; Chuang et al. 2016) show that methyl formate, glycolaldehyde and ethylene glycol can also be formed in ices at low temperatures through H-atom addition and abstraction reactions during the formation of CH 3 OH from CO and H 2 CO. These reactions also make the link between glycolaldehyde and ethylene gly-A&A proofs: manuscript no. ms Table 3 . Column densities of glycolaldehyde, the two conformers of ethylene glycol and acetic acid.
Species
T rot a N(T = 300 K) Notes: a Derived rotation temperature from fit to Band 3 data (Fig. 9) . b Column densities from Band 3 data assuming that T = 300 K and that the emission is uniformly extended compared to the beam.
c Column density from fits of synthetic spectra to the Band 7 data assuming a source size of 0.5 (see also Lykke et al. 2016 ) and including vibrational corrections.
d From fitting synthetic spectra to the Band 6 and 7 data (Figs B.1-B.12 as well as Fig. C.5 ) adopting an excitation temperature of 300 K.
e Derived by fitting synthetic spectra in Band 7 as discussed in Sect. 5.1. col stronger -possibly accounting for the higher abundances of these species relative to methyl formate between IRAS16293B on one side and SgrB2(N) on the other.
Concerning acetic acid and acetaldehyde the agreement between the IRAS16293B and SgrB2(N) abundances is noteworthy. Although acetic acid is an isomer of methyl formate and glycolaldehyde, its formation is not expected to follow the same paths due to its different structure (Garrod 2013) . As those models show, the resulting abundances are strongly dependent on the warm-up time-scale with the slower models allowing for more build-up of acetic acid through addition of OH to CH 3 CO that has been derived through hydrogen abstraction of acetaldehyde (CH 3 CHO). There is, however, a priori no reason why the warmup rates should be similar in IRAS16293B and SgrB2(N), so some other parameters must come into play and serve to regulate the abundances.
Isotopologues of glycolaldehyde
A potentially very intriguing possibility offered by ALMA is to characterise the isotopic composition of different complex organics and use possible differences to show the relationships between different complex organics. Charnley et al. (2004) , for example, proposed a number of tests of the origins of typical hot core organics by measuring their 12 C/ 13 C fractionation patterns in different functional groups. Another interesting culprit is the D/H ratio for different complex organics: Chemical models predict that the D/H ratios for different species reflect the conditions at the time of their formation (e.g. Cazaux et al. 2011; Taquet et al. 2013a ) and, consequently, the formation pathways for different complex organics may thereby lead to different levels of deuteration (e.g., Taquet et al. 2014 ). These effects may, for example, explain the differences in the D/H ratio of water and methanol with the former formed earlier in the evolution of prestellar cores where the D/H ratio is lower (see Ceccarelli et al. 2014 , for a discussion).
To start the fractionation study in the PILS data, we searched for the 13 C-and deuterated isotopologues for glycolaldehyde in the Band 7 data. Similar to the approach above we generate synthetic spectra and match those with the lines predicted to be the brightest in the spectra. The spectroscopy for the isotopologues is available through the CDMS database: for the two 13 C-isotopologues of glycolaldehyde, 13 CH 2 OHCHO and CH 2 OH 13 CHO, the data are based on measurements by Haykal et al. (2013) , while those for the three deuterated isotopologues, CHDOHCHO, CH 2 ODCHO and CH 2 OHCDO, are based on Bouchez et al. (2012) . The partition function for the isotopologues listed by the CDMS do not include the corrections for the vibrational contributions. Information on vibrational states of isotopic species have not been published experimentally, but quantum-chemical calculations on the main and the OD species are available as well as an investigation of the anharmonicity of the lowest two vibrational states 18 = 1 and 17 = 1 (Senent 2004) . Scaling the lowest six vibrational modes by the calculated D-to-H ratio yields a vibrational factor of 3.29 for the OD species. The increase is mainly due to the isotopic shift of the ν 17 mode. Vibrational factors of all other isotopologues are probably closer to the value of the main isotopologue because the lowest three vibrations involve mainly the heavy atoms or the H on the OH group (ν 17 mainly). In summary, the column density of the OD isotopologue needs to be increased by 3.29 and those of all other isotopologues by 2.80 to account for the population of vibrational states at 300 K.
Figures C.6-C.7 show the spectra for the lines predicted to be the brightest for each of the deuterated isotopologues: for these species lines are clearly detected throughout the band. The lines of the 13 C species are intrinsically weaker and line blending becomes more significant. Still, a number of reasonable assignments can be made that are compiled in Fig. C.8 . In these plots only bright and/or relatively isolated lines are shown, corresponding to about half of the transitions predicted to be the brightest from synthetic spectra at 300 K. The derived column densities are given in Table 4 . For the deuterated species the immediately derived column density of the isotopologue with the deuteration in the CH 2 group is a factor two higher than that of the two other isotopologues. This should be expected statistically if the D/H ratio is similar for each of the hydrogen atoms across the functional groups (the CHDOHCHO and CDOHCHO versions being indistinguishable). Taking this into account, the D/H ratio for glycolaldehyde is 4.1-5.2% where the differences between the deuteration of the different functional groups appear marginal given the uncertainties in the line identification and modeling. For the 13 C species, the uncertainties are somewhat larger due to the smaller number of lines, but the modeling of both species appears consistent with a column density of 1.9-2.8×10 15 cm −2 , or a 12 C/ 13 C ratio of 24-35, with a best fit column density fitting the two species simultaneously of 2.5×10 15 cm −2 . It is worth emphasising that these detections illustrate the great sensitivity of the ALMA observations, allowing us to measure emission from species with abundances below 0.01% with respect to methanol (CH 3 OH).
The D/H ratio for glycolaldehyde of ≈ 5% is clearly higher than the typical water deuteration levels of ≈ 0.1% in the warm gas on the same scales probed by interferometric observations toward IRAS 16293−2422 (e.g., Persson et al. 2013 ) and other protostars (e.g., Taquet et al. 2013b; Persson et al. 2014 ). It appears to be lower than what has Fig. 10 . Abundances of methyl formate (CH 3 OCHO), glycolaldehyde (CH 2 (OH)CHO), ethylene glycol ((CH 2 OH) 2 ), acetaldehyde (CH 3 CHO) and acetic acid (CH 3 COOH) relative to methanol (CH 3 OH) toward IRAS16293B (this paper) compared to SgrB2(N) from Belloche et al. (2013) and to the slow, medium and fast models of Garrod (2013). been inferred for formaldehyde, methanol and other complex organics from single-dish observations of IRAS 16293−2422 and other protostars (e.g., Parise et al. 2006; Demyk et al. 2010; Richard et al. 2013) . Before concluding that this lower ratio reflects differences in the processes involved in the formation of glycolaldehyde, caution must be taken as the single-dish and interferometric data probe very different environments due to the very different beam sizes. The significant beam dilution and excitation/optical depth effects may also be an issue for the singledish observations where many components are enclosed in one beam. Clearly, a systematic comparison of the D/H ratios for complex organics on the scales of the ALMA observations will be critical.
It is particularly noteworthy that no differences are seen in the deuteration of the three different functional groups in glycolaldehyde. For deuterated methanol the CH 3 -group has been found to be significantly enhanced compared to the OH group with the D/H ratios of 12% for CH 2 DOH (ratio of the column densities of CH 2 DOH/CH 3 OH of 37%) and 1.8% for CH 3 OD (Parise et al. 2004 ). This led Faure et al. (2015) to propose that the functional groups able to establish hydrogen bonds (-OH, -NH) are expected to equilibrate with the D/H ratio in water ice during heating events. In this scenario, the OH group of glycolaldehyde should show a significantly lower D/H ratio than the CH 2 and CHO groups, in contrast to what is observed. A separate analysis of formamide, NH 2 CHO, based on the PILS data , shows a similar effect with the three deuterated isotopologues NH 2 CDO and cis-/trans-NHDCHO all having similar degrees of deuteration.
The inferred 12 C/ 13 C ratio of 24-35 is lower than the ratio of 68±15 of the local interstellar medium (Milam et al. 2005 ). This appears to be a real difference and not reflect, e.g., high optical depth of the lines of the main isotopologue, given that a relatively high number of significant, low optical depth lines are identified. It is in contrast to recent measurements of the 12 C/ 13 C ratio for methyl formate toward a sample of high-mass star forming regions (including Orion-KL) by Favre et al. (2014a) , who found similar isotope ratios for complex organic molecules as for CO. The 13 CO enhancement could result from low temperature ion-molecule reactions in the gas increasing the gaseous 13 CO abundance at 10 K just prior to freeze-out (Langer et al. 1984) . Once on the grains, the enhanced 13 CO can be further incorporated into complex organic molecules ). This could be a simple explanation for the measured ratio for glycolaldehyde: if formed efficiently from CO ices at low temperatures (T ≈ 10 − 15 K) on the grains such as proposed c a Column density of the isotopologue corrected for the vibrational contributions at 300 K. b Column density of isotopologue relative to that of the main species. Number in parenthesis gives the inverse ratio: traditionally the former is quoted for measurements of the deuterated species, while the latter is typically quoted for 12 C/ 13 C measurements. c The 13 CH 2 OHCHO and CH 2 OH 13 CHO fitted with a common column density for both due to the relatively low number of lines seen for the two species.
by Fedoseev et al. (2015) and Chuang et al. (2016) based on laboratory experiments, glycolaldehyde ice would naturally inherit any 13 C-enhancement (i.e., low 12 C: 13 C isotopologue ratio) from the CO ices, which would be preserved upon sublimation into the gas-phase. In that case many of the other complex organics formed at low temperatures in the ices from CO, should show comparable (low) ratios between the 12 C and 13 C isotopologues as glycolaldehyde, whereas molecules with significant contributions from other C-containing radicals or from gas-phase routes may not ). The more "standard" 12 C: 13 C ratio in the high-mass star forming regions would then reflect the shorter time-scales and higher temperatures there, with 13CO less enhanced, similar to what has been invoked to explain the differences in the deuteration.
An alternative is that the 12 CO/ 13 CO ratio in the ices is affected by slightly different binding energies of the two isotopologues. Smith et al. (2015) recently measured the 12 CO/ 13 CO ratio in the gas-phase for a sample of young stellar objects (including four in Ophiuchus) through high spectral resolution infrared observations and generally found very high 12 CO/ 13 CO values ranging from 85 to 165. Smith et al. discuss several options for these high gas-phase values, including possible differential sublimation of 12 CO versus 13 CO due to slightly different binding energies and isotope selective photodissociation coupled with low temperature chemistry. It should be noted that no strong evidence for such differences in binding energies has yet been found in the laboratory experiments (e.g., Bisschop et al. 2006; Acharyya et al. 2007 ). However, if the binding energies were in fact different, it would lead 12 CO to sublimate at slightly lower temperatures than 13 CO, thus leading to an enhancement of the latter 13 C-isotopologue in the ice and, vice versa, an enhancement of the 12 C-isotopologue in the gas-phase. Further observations of the carbon-isotopic composition of complex organics could shed more light on the underlying mechanism and further extend its use in determining the formation routes for the different complex organics.
Summary
We have presented an overview and some of the first results from a large unbiased spectral survey of the protostellar binary IRAS 16293−2422 using ALMA. The full frequency window from 329 to 363 GHz is covered with a spectral resolution of 0.2 km s −1 and beam size of 0.5 (60 AU diameter at the distance of IRAS 16293−2422) in addition to three selected settings at 3.0 and 1.3 mm. The main findings of this paper are:
-The continuum is well detected in each band with different signatures toward the two protostars: clear elongated emission seen toward IRAS16293A in the direction of a previously reported velocity gradient, making it appear as a flattened edge-on structure. The binarity of this source at submillimeter wavelengths previously reported is not confirmed in these data. In contrast, the emission for IRAS16293B is clearly optical thick out to wavelengths of approximately 1 mm (and possibly beyond). The optical thickness of radiation toward IRAS16293B confirms that the emission has its origin in a different component than the larger scale envelope with a density larger than 3 × 10 10 cm −3 . -More than 10,000 lines are seen in spectra toward IRAS16293B. The high gas density implied by the continuum radiation means that lines of typical complex organic molecules are thermalised and LTE is thus a valid approximation for their analysis. -The spectra at 3.0, 1.3 and 0.8 mm provide strong confirmations of the previous detection of glycolaldehyde as well as the derived excitation temperature of 300 K based on ALMA Science Verification data (Jørgensen et al. 2012) . In addition the spectra show detections of acetic acid (isomer of glycolaldehyde) and two conformers of ethylene glycol (the reduced alcohol of glycolaldehyde) with the detection of one of these, the gGg conformer, the first reported detection in the ISM. The excitation temperatures of these species are consistent, ≈ 300 K. The abundance of glycolaldehyde is comparable to that of the main conformer of ethylene glycol with the second conformer not much rarer, as one would expect given the high temperatures in the gas. Small differences between the relative glycolaldehyde and ethylene glycol abundances in data of different beam sizes possibly reflect glycolaldehyde being slightly more centrally concentrated than ethylene glycol. -Relative to methanol (determined from observations of optically thin lines of the CH 18 3 OH isotopologue), the abundances of glycolaldehyde and related species are between 0.03% and a few %. Glycolaldehyde and ethylene glycol are clearly more abundant relative to methanol toward IRAS16293B compared to the Galactic Center source SgrB2(N) (Belloche et al. 2013) , whereas the abundances of the glycolaldehyde isomers (methyl formate and acetic acid) and acetaldehyde are comparable for the two sources. A possible explanation for this is the formation of glycolaldehyde from CO at low temperatures in ices toward IRAS 16293−2422, in agreement with recent laboratory experiments -a route that is unlikely to apply for the warmer Galactic Center.
-The data also show detections of two 13 C-isotopologues of glycolaldehyde as well as three deuterated isotopologues. These are the first detections of these five isotopologues reported for the ISM, enabled by the narrow line-widths toward IRAS16293B. The D/H ratio for glycolaldehyde is ≈ 5% for all three deuterated isotopologues with no measurable differences for the deuteration of the different functional groups. These ratios are higher than in water, but lower than reported D/H ratios for methanol, formaldehyde and other complex organics, although those should be revisited at the same scales. The derived 12 C/ 13 C ratio of glycolaldehyde ≈ 30 with our data is lower than the canonical ISM. This may reflect a low 12 CO/ 13 CO ratio in ice from which it is formed, either due to ion-molecule reactions in the gas or differences in binding energies for the different CO isotopologues.
This first presentation of data has only scratched the surface of all the information available in the survey, but already raised a number of new questions concerning, in particular, the formation of complex organic molecules around protostars. Moving forward it is clear that the possibility to systematically derive accurate (relative) abundances of different organic molecules (and their isotopologues) will be an important tool. In this respect, many of the answers to the questions concerning the origin of complex, prebiotic, molecules may be hidden in this rich ALMA dataset.
